Suspension high velocity oxy-fuel spraying can be used to produce thermally sprayed coatings from powdered feedstocks too small to be processed by mechanical feeders, allowing formation of nanostructured coatings with improved density and mechanical properties. Here, alumina coatings were produced from submicron-sized feedstock in aqueous suspension, using two flame combustion parameters yielding contrasting microstructures. Both coatings were tested in dry sliding wear conditions with an alumina counterbody. The coating processed with high combustion power of 101 kW contained 74 wt.% amorphous phase and 26 wt.% crystalline phase (95 wt.% gamma and 3 wt.% alpha alumina), while the 72-kW coating contained lower 58 wt.% amorphous phase and 42 wt.% crystalline phases (73 wt.% was alpha and 26 wt.% gamma). The 101-kW coating had a dry sliding specific wear rate between 4 and 4.5 3 10 25 mm 3 /Nm, 2 orders of magnitude higher than the 72-kW coating wear rate of 2-4.2 3 10 27 mm 3 /Nm. A severe wear regime dominated by brittle fracture and grain pullout of the coating was responsible for the wear of the 101-kW coating, explained by mean fracture toughness three times lower than the 72-kW coating, owing to the almost complete absence of alpha alumina.
Introduction
High velocity oxy-fuel (HVOF) spraying is a useful method of depositing a range of material types, including metals, ceramics, and cermets, onto substrates. The suspension variant of the process-SHVOF, also known as high velocity suspension flame spraying (HVSFS), allows micron-and submicron-sized particles to be directly fed into the combustion flame and results in a more dense coating compared to conventional HVOF. Such powders are difficult to process with mechanical powder feeders, due to a high likelihood of agglomeration, and hence reduced flowability (Ref 1) . Health risks involved with use of submicron particles are also somewhat mitigated. There is also an increased likelihood of preserving the original crystalline phase (Ref 2) because part of the input thermal energy is used for evaporation of the liquid, as opposed to it transferring to the particles themselves (Ref 3) . Since the coating microstructures reflect the feedstock material, thin as well as thick coatings can be developed, typically exhibiting fine microstructures and hence can exhibit superior mechanical properties.
Alumina is an engineering ceramic often used as a feedstock for thermally sprayed coatings, owing to its low cost as well as high hardness, good wear resistance and chemical stability (Ref 4) . In its sintered form, alumina is normally comprised of the stable alpha phase (corundum) which exhibits the best mechanical and tribological properties among the alumina phase types. Upon flame or plasma spraying, the metastable gamma form of alumina is expected to nucleate from the molten splats given its lower free critical energy for nucleation (Ref 5) , while the cooling rate of such processes is often rapid enough [10 6 -10 9 K/s (Ref 6) ] to avoid transformation to the delta or alpha forms (Ref 7). However, under plasma spraying for example, some amounts of delta and theta alumina have been detected along with gamma alumina (Ref 8, 9) . Given the tendency for alumina to transform from the alpha phase, SHVOF spraying is a potentially useful method of preserving the alpha alumina phase in a thermally sprayed coating, via the use of a micron/submicron-sized feedstock.
Bolelli et al. (Ref 4) showed that a dense SHVOF alumina coating yielded the lowest alpha/gamma ratio compared to regular HVOF and atmospheric plasma spraying, due to more extensive melting of the feedstock powder and almost complete avoidance of the alpha phase. Toma et al. (Ref 10) produced alumina coatings using SHVOF, in which the coating was comprised of a majority (60 wt.%) alpha alumina phase with remainder gamma, in contrast to a majority gamma phase coating with a minority of alpha (30 wt.%) produced using standard HVOF. It, however, must be noted that processing conditions were not the same for both tests and hence it is difficult to make a direct comparison. Importantly, it indicates that the retention of a large amount of alpha alumina and avoidance of the gamma phase is possible, when the SHVOF spray parameters are not too severe (Ref 4, 11) . Tribological testing of SHVOF in comparison with regular HVOF-sprayed alumina coatings has been performed by Rauch et al. (Ref 11) , with an order of magnitude reduction in wear rate for the SHVOF coating containing~3 wt.% alpha alumina. However, a much smaller reduction in wear rate was seen for the coating containing a much larger (~33 wt.%) amount of alpha alumina. This finding is in contrast to the expected tribological benefit from a high level of alpha alumina present in a thermally sprayed coating. Hence, based on the current literature regarding SHVOF alumina coatings, it is not clear which parameters result in an alpha-rich coating, nor is it understood what influence submicron scale crystalline alumina distributed within the coating has on the tribological properties. The aim of this work is therefore to produce two alumina coating types using SHVOF with different levels of alpha alumina and to evaluate dry sliding wear performance with reference to fundamental material properties.
By varying the SHVOF combustion flame power, a range of coatings with various levels of porosity and microstructure was produced and the two parameters in this paper were deliberately selected at the extreme ends of the initially large range of parameters investigated prior to this work, containing very different levels of porosity, and alpha and gamma alumina. Dry sliding wear testing was performed on the two selected coating types, and location-specific nanoindentation was carried out on coating cross-sections to quantify the mechanical properties of phases present and hence explain the tribological behavior of SHVOF alumina coatings and its dependence on alumina phase type. Fracture toughness measurement was also conducted via microhardness indentation and crack length examination. Rietveld analysis was conducted on the x-ray diffraction data to quantify the crystalline and amorphous phases present.
Experimental

Materials and Suspension Spraying
The suspension feedstock was prepared using corundum (100% alpha alumina) powder CR1 (Baikowski, France) with a D50 particle size of 1 lm in a suspension of deionized water at a concentration of 35 wt.%, which was mechanically stirred for 2 h before spraying. No dispersant was used in the alumina suspension; however, pH was balanced in such a way that the zeta potential fell within the stable range. The SHVOF coating was deposited onto carbon steel substrates with dimensions of 60 9 25 9 2 mm. All substrates were grit blasted and cleaned with alcohol before coating. A modified UTP TopGun HVOF spray system, with a 0.3-mm suspension injector diameter was used for spraying. Hydrogen fuel was combusted in a 22-mm-long chamber, into which the suspension was fed at a pressure of 3 bar from a mechanically stirred, pressurized chamber. Injection flow rate was 100 mL/min for all tests. Substrates were mounted on a rotating carousel at 73 rpm (substrate speed of 1 m/s), while the spray gun was traversed perpendicular to the substrate movement direction, at a speed of 5 mm/s, resulting in an inter-pass step of 4 mm, until a coating thickness of approximately 60 lm was achieved. Spray parameters are shown in Table 1 . The standoff distance was fixed at 85 mm for both coatings.
Coating Characterization
Cross-sections of samples were cut using a precision silicon carbide circular saw and were polished using 1-lm diamond grit prior to inspection. Microscopy imaging (SEM) was carried out using an FEI XL30 SEM in backscattered electron (BSE) mode for cross-sections and secondary electron (SE) mode for surface inspection. X-ray diffraction (XRD) was performed with a Bruker D500 equipped with point detector and using Cu Ka radiation, wavelength 0.154 nm, and scanning from 5 to 120°2h values, with a step size of 0.04°2h and a step time of 24 s. Rietveld refinement (Ref 12) of XRD data was performed in TOPAS (Bruker) software package for determination of alpha and gamma alumina quantities as well as estimation of the degree of crystallinity. Since the amorphous phase is displayed as two broad halos, or humps, in diffraction patterns, two pseudo-Voigt profiles were used for its fitting. Similarly to Ref 13 , the background was fitted by a Chebyshev polynomial of the first kind with only one coefficient being refined during the Rietveld refinement procedure. The degree of crystallinity (DoC) was computed as the ratio of total integral intensity of fitted crystalline reflections to the sum of crystalline and amorphous areas. No calibration was used, due to the same chemical composition of crystalline and amorphous phases, i.e., aluminum and oxygen. Crystallography information of gamma alumina was taken as a defect spinel structure from Zhou and Snyder (Ref 14) .
Wear Testing, Nanoindentation and Fracture Toughness
Ball-on-flat dry sliding wear testing was performed with a CETR UMT-2 microtribometer (CETR, USA), using a 6.3-mm-diameter alpha alumina ball (Dejay Ltd UK) in the central regions of the coatings, after sequential polishing to a final stage of 1 lm grit. The counterbody material was selected based on widespread applications of alumina in like-on-like wear conditions such as bearings. A load of 10 N, stroke length of 5 mm and sliding speed of 10 mm/s were used. In a previous publication, it was reported that the above loading conditions can produce suitable wear tracks in bulk alumina (Ref 17) . Wear tracks were measured using a Talysurf Form 50 contact profilometer (Taylor-Hobson, UK), with a lateral resolution of 0.5 lm. Five profiles at spacings of 1 mm were taken from the wear tracks, and the areas of the wear profiles were calculated below the mean line of the surface, and multiplied by the track length to yield volume loss. Ball wear rates were measured by taking the average diameter and converting to volume removed based on the equation for volume of a sphere. Two wear tests for each sample were performed under identical conditions to establish the repeatability of the test results.
Nanoindentation of coating cross-sections was performed using an instrumented indentation platform (Hysitron TI Premier Ti, Hysitron Inc., Minneapolis, MN), which is able to record simultaneously the applied load, and penetration depth curve for the complete loading and unloading cycle. A diamond Berkovich tip was used, and the applied load of 2500 lN was found to be suitable to generate an indent impression with onset plastic deformation. Prior to indenting the samples, a scanning probe microscope (Hysitron in situ SPM, Hysitron Inc., Minneapolis, MN) was used to generate an image to aid the choice of indent locations for measuring the individual phases of the coating. The SPM setup consists of the same Berkovich tip used for indentation and was mounted on a high-precision 3 axis piezo scanner. A constant imaging force of 2-3 lN was used to raster scan the probe over the sample surface at a rate of 0.2 Hz to generate the high contrast images. Post-indent SPM imaging was also done to ensure that the accuracy of the individual indent impression was within the region of interest and that no cracking had developed. A minimum of 20 indents was carried out. Hardness was measured by dividing the maximum load produced on the load-displacement curve by the area of the indent. Oliver and PharrÕs method (Ref 15) was used to calculate the elastic modulus of the individual phases using the slope of the unloading curve from the same load-displacement graph.
In addition, Vickers microindentation on the coating was also performed using a load of 10 gf; other larger indent loads were found to be unsuitable because of extensive cracking around the indent. , c is average length of cracks from tips of the Vickers indent (lm), a is the half average length of the diagonal of the Vickers indent (lm), and H is Vickers hardness (MPa). Box plots of both hardness and toughness are used to represent the data, in which the small box is the mean, the middle line is the median value, the top and bottom of the large box are the upper and lower quartiles, respectively, the whiskers are the 99% values, and the small crosses are the maximum and minimum values.
Results
Phase Identification and Coating Morphology
XRD phase analysis of the powder feedstock showed that it was pure alpha alumina. An SE image of the powder feedstock can be seen in Fig. 1 . Many particles seen in the image are below 1 lm diameter; however, this is consistent with D20 and D50 particle sizes of 0.7 and 1 lm, respectively. It is also likely that smaller particles have agglomerated around larger ones, hence appearing more visible.
The XRD patterns of the as-sprayed coatings are shown in Fig. 2 together with the obtained Rietveld refinement results. In both coatings, the amorphous phase was calculated to dominate in weight %-with 42% crystallinity for the 72-kW sample, and only 26% at 101 kW. The amorphous phase is represented in the XRD patterns by two amorphous humps, the locations of which are shown by the blue lines in Fig. 2(b) . Of the crystalline regions of the coatings, the 101-kW sample was dominated by gamma alumina (~95%) and a small level (~3%) of alpha alumina. 1-2% was attributed to alpha Fe, which results from a small level of x-ray penetration into the bulk. For the 72-kW coating, a majority of the crystalline material (~73%) was identified as alpha alumina, with 26% fitting with gamma alumina. Again, a small percentage (<1%) could be attributed to alpha Fe. Figure 3 (c-f) presents BSE images of the two coating cross-sections. Both coatings are well bonded to the sub- strate with no evidence of delamination at the coatingsubstrate interface. The similar thickness of both coatings (60 lm) is also indicative of similar deposition efficiencies, for both parameters. Vertical cracking is also present in both coatings, along with some porosity, which is less prevalent in the 101-kW sample, but is present in interlamellar bands which match the thickness of a single pass (15 lm). For the 72-kW coating, however, porosity is significantly more common and appears unrelated to pass geometry. In Fig. 3 (e, f), three main coating features are observed, which co-relates with their individual phase. Firstly, round, light gray particles are unmelted alpha alumina fed directly from the feedstock. Light gray and splat-like structures are most likely the gamma alumina. Finally, the dark gray phase corresponds to the presence of amorphous alumina.
Wear Testing
Figure 4(a) presents specific wear rates for the coating wear tracks and counterbody wear scars for both coating types, and Fig. 4(b) presents coefficient of friction graphs for all wear tests.
The 72-kW processed coating exhibited specific wear rates two orders of magnitude lower than the 101-kW sample, between 2.0 and 4.2 9 10 À7 mm 3 /Nm for the 72-kW and between 4.2 and 4.4 9 10 À5 mm 3 /Nm for the 101-kW coatings. Counterbody wear rates also reflected this trend, with a specific wear rate of 8.5 9 10
À8 for the 72-kW coating, compared to 8.5 9 10
À6 for the 101-kW coating, which is 5 times lower than those of the respective coatings. Through the wear test time, the 72-kW tests underwent a gradual increase in coefficient of friction (COF) from 0.4 to over 0.45, whereas the COF for the 101-kW samples initially spiked to 0.7 before quickly decreasing to 0.5, and then gradually lowered at a rate similar to the 72-kW coating from 0.5 to just below 0.45. The repeat test for the 101-kW coating yielded almost identical results in terms of both coating and ball wear, with the data differing by less than 5%. For the 72-kW coating, however, the second test yielded approximately half the wear rate of the first test, although measurements of such shallow tracks were challenging. The ball wear rate in the second test was 30% lower than in the first test. Figure 5 (a-c) show tilted SE images of the wear tracks on one of each of the two samples. In Fig. 5(d) , line profiles across the tracks are shown. The 101-kW processed coating yielded a~25-lm-deep wear scar with a sharp track bottom. This can be contrasted with the 1-lm-deep round track produced in the case of the 72-kW sample. The strongly worn 101-kW sample exhibits a mostly fractured wear track characteristic of grain pullout with some plastically deformed grooves. The shallow 72-kW wear track, however, is entirely smooth without signs of fracture. Figure 6 shows wear tracks for the counterbodies worn against the two coating types. The 101-kW ball shows a large wear track characterized by abrasive grooves with regions of dark wear debris. In contrast, the track of the ball worn on the 72-kW coating has a much smaller area, with no evidence of attached material.
Nanoindentation
To determine the hardness and elastic modulus of the distinct phases in each coating, nanoindentation was performed on coating cross-sections. Equations are taken from Oliver and PharrÕs work (Ref 15) . The apparent elastic modulus of the indenter specimen system (also known as reduced modulus, E*) can be defined as: Peer Reviewed
where A is the contact area of the indenter, dP/dh i is the slope of the load/displacement curve at the initial stage of unloading, from an applied load, P max . A constant c* = 1.167 for the Berkovich tip was used. Subsequently, the elastic modulus of the coating phases was determined by accounting for the elastic effects of the non-rigid indenter. Mathematically;
The characteristic material properties of the diamond indenter were E in = 1141 GPa and v in = 0.07, while the PoissonÕs ratio values for this current work were assumed to be v = 0.2. The mean nanohardness and elastic modulus of the white phase and darker matrix seen in the SPM images are shown in Table 2 , while the locations of the indents are shown in Fig. 7 . For the purposes of these indentation tests, phases appearing as white, which include both gamma and alpha to different amounts depending on coating type, are labeled as such, but cannot be further defined as alpha and gamma with any certainty. One can hypothesize that the round white features in SPM images are unmelted alpha particles from the feedstock. Figure 8 presents all hardness values measured in matrix and white phase regions in box plot format to demonstrate the distribution of values.
Mean matrix hardness was measured at 9.1 ± 3.3 GPa in the case of the 72-kW coating. The rounded white phase, most likely to be alpha alumina particles, had a mean hardness of 20.3 ± 5.9 GPa. However, absolute hardness of the phase is likely to be higher, for example as demonstrated in one indent in Fig. 7(d) . Given the small size of phases measured, the surrounding matrix may contribute to the deformation during indentation and hence reducing the measured hardness. It is also noted that some indents measured in the 72-kW white phase regions are also likely to contain some gamma alumina (appearing as flattened lamellae in SPM images), the presence of which has been elucidated in earlier XRD analysis. Average hardness of the white phase in the 101-kW coating was 17.5 ± 4.4 GPa, with a matrix hardness slightly higher on average than that of the 72-kW sample at 11.2 ± 1.9 GPa.
Microhardness and Fracture Toughness
Vickers microhardness testing is a common method used to evaluate a thermally sprayed coatingÕs mechanical performance under compression loads. It was found that the 101-kW sample had a higher hardness value of 13.1 ± 1.0 GPa (10 gf, n = 11) compared to the 72-kW sample of 11.7 ± 1.9 GPa (10 gf, n = 11). Using the OliverPharr method on the microindentation load-displacement curves, the corresponding measured elastic modulus of both SHVOF coatings are E 101kW = 172 ± 12 GPa and E 72kW = 133 ± 14 GPa; the 101-kW sample is harder and stiffer. Box plots of hardness values are shown in Fig. 9 .
Subsequently, Vickers microindentation was performed on coating cross-sections, using a load of 200 gf sufficient to cause fracture of the coating. Seven indents were performed on each coating. In all cases, only horizontal cracking took place, and so a maximum of 2 crack lengths were measured for each indent. 
Discussion
This work has shown that a thermally sprayed alumina coating with a crystalline component dominated by the desirable alpha phase (~73 wt.% content) can be deposited using suspension HVOF with a 72-kW flame power. A 73 wt.% alpha alumina level is higher than previously obtained by Toma et al. (Ref 10) . However, based on Rietveld refinement of the XRD pattern, the majority of the coating based on weight % is amorphous for both coatings types, albeit slightly lower for 72-kW coating (58 wt.% as opposed to 74 wt.% for the 101-kW coating). Using a higher flame power of 101 kW permitted almost complete melting of the feedstock material and nucleation of the metastable gamma form of alumina. Therefore, the SHVOF process does not inherently promote full coating melting and phase transformation, as was indicated by the work of Bolleli et al. (Ref 4) , but the preservation of the alpha phase is dependent on the careful selection of spray parameters. It is evident that the use of the higher combustion flame power, as in the 101 kW, yielded a denser coating, with the lower degree of porosity being only present in regions matching the interpass spacing. Porosity in the 72-kW coating, however, appeared more uniform throughout the coating crosssection. A higher degree of porosity is consistent with a lower level of particle melting along with retention of the alpha phase. Despite some conflicting literature regarding whether the amorphous phase is present in thermally sprayed alumina coatings, the comparison here presented in the XRD results in Fig. 2 and microstructures in Fig. 3 clearly documents that consideration of only alpha and gamma alumina cannot fully describe the correct composition of the coatings. Moreover, the positions of the two amorphous humps in the XRD patterns being close to those reported in amorphous alumina (Ref 19) strengthen this argument. For comparison of morphology/porosity to . This difference in performance is explained by the two distinct wear regimes. In the case of the 101-kW coating, a severe wear regime was observed, with a surface characterized by brittle fracture and subsequently grain pullout facilitated by poor inter-particle bonding, combined with regions of plastic deformation and a relatively erratic coefficient of friction. In the case of polycrystalline bulk alumina against alumina, a severe wear regime is expected only with sliding speeds above 0.1 m/s, or with a load above 100 N ( Ref 20) . In this case, a severe wear regime was produced at a speed of 0.01 m/s at 10 N. Coefficients of friction measured in the two 101-kW coating tests were initially high, up to 0.7 in both cases, followed by a rapid, slight decrease and then a gradual decrease toward 0.45. This is consistent with an initial adhesive wear mechanism associated with high contact pressure in which deformation of asperities and subsequent energy dissipation are reflected in increased frictional force. An adhesive mechanism at the initial stages of the wear process is consistent with other studies that explain the wear of a range of plasmasprayed ceramic coatings (Ref 21) . It is also known that initial wear mechanisms can begin as adhesive, in which generated wear particles are adhered or trapped, resulting in three-body abrasive wear, whereby trapped or joined debris also contributes to the abrasive wear process (Ref 22) . Bolelli et al. (Ref 23) explained that for an alumina plasma-sprayed coating against an alumina counterbody, some coating material adhered to the counterbody; however, the main mechanism of wear was an abrasive mechanism involving brittle fracture. The higher microhardness and stiffness of the coating also relate to the brittle nature of 101-kW coatings. When we consider the difference in average fracture toughness of the two coatings, it is clear that the reduced fracture toughness of the 101-kW coating (0.5-2 MPa m 1/2 compared to 2-5.5 MPa m 1/2 for the 72-kW coating) likely contributed to the severe wear regime which took place for the remainder of the wear test, since it is known that fracture toughness is a critical property for wear resistance against brittle fracture (Ref 20, 24) . Inter-granular/inter-particle fracture followed by grain pullout hence explains the wear mechanism observed in the case of the 101-kW coating. The lower fracture toughness of the 101-kW coating also may have contributed to the higher friction observed compared to the 72-kW coating, given fracture toughness of ceramics is known to be an important property in their friction, with energy dissipated during fracture contributing to friction (Ref 25) . Based on a range of ceramics including alumina, at a fracture toughness of 1 MPa m 1/2 , coefficient of friction has been measured in excess of 0.8 against a diamond counterbody ( Ref 25) . This explains the high friction at the beginning of the wear test for the 101-kW coating. The rapid decrease in friction after the initial rise to~0.7 is consistent with removal of the coating, and then the following gradual decrease in friction may be caused by formation of a film on the counterbody and/or the coating wear track created by the reattachment of wear debris. Tribofilm formation in atmospheric plasma spraying and HVOF alumina coatings was also reported by Bolelli et al. in the dry sliding wear of alumina coatings against alumina counterbodies (Ref 4, 23) .
The 72-kW coating in contrast yielded a mild wear regime, with smooth surfaces on both coating and counterbody typical of plastic flow along with a smoother friction curve. In this case, the trend of coefficient of friction is quite opposite to that of the 101-kW coating. Here, coefficient of friction gradually increased to 0.4-0.45 consistent with the gradually increasing area of contact between surfaces. A lower friction value can be explained by the greater fracture toughness along with prevalence of harder alpha particles present in the coating providing a hard facing surface. The friction data in this case is also less erratic, indicative of a regime not involving brittle fracture/grain pullout, in contrast to the regime of the 101-kW coating.
In light of the nanoindentation data, it is clear that for both coating types, the material is comprised of harder phases in a matrix of a softer phase as seen with different color contrast in SEM and SPM images of Fig. 3 and 7 , respectively. Based on XRD data analysis, for both samples, an amorphous phase dominated the coatings based on weight %. The hardness of amorphous alumina has previously been measured using nanoindentation in thin films with thickness less than 1 lm (Ref 26) , reporting a hardness between 5 and 8 GPa, in comparison with a crystalline form which was 11-12 GPa. In the referenced work, crystalline phases were characterized as containing the c, d and h forms of alumina. Amorphous thin film alumina has also been measured at <12 GPa, in comparison with the crystalline alpha, measured between 18 and 21 GPa ( Ref 27) . In other work, amorphous alumina nanohardness was measured at a mean of between 12.5 and 13 GPa, with a range of approximately ±1 GPa. Elastic modulus was also measured between 175 and 180 GPa (Ref 28) , which fits the values of the matrix moduli for the coating matrices in Table 2 when considering the error ranges. In the present study, hardness of the ''dark'' color matrix for both coating types was measured between 3 and 14 GPa, with a mean of 11 and 9 GPa for the 101 and 72-kW samples, respectively. It is likely that the ''dark'' matrix in both coatings is predominantly comprised of amorphous alumina, with some regions of the respective crystalline phases present in each coating. Despite the maximum hardness of the non-matrix, alpha particle regions of the coating being notably higher,~30 GPa, the mean hardness of the coatings is not significantly different.
Therefore, the increased fracture toughness of the coatings caused by the prevalence of the tougher alpha phase is likely a greater contributor to the dry sliding wear resistance of SHVOF alumina coatings, as opposed to the hardness of the alpha particles themselves. This is particularly interesting given the clearly greater presence of porosity and lower microhardness in the 72-kW coating, which is thought to worsen the fracture toughness of HVOF-sprayed ceramic coatings (Ref 29) . In the case of fracture toughness measurements for both coating types, crack growth direction was solely interlamellar, i.e. between and parallel to the lamellae associated with splat formation, parallel to the coating surface. In the case of the 72-kW coating, despite the presence of the amorphous phase and porosity, crack growth was inhibited by the presence of alpha alumina relatively homogenously distributed throughout the coating.
Conclusions
Two coatings of alumina were sprayed onto carbon steel substrates using two parameter settings using suspension HVOF. At combustion flame powers of 101 and 72 kW, based on Rietvield analysis, both coatings contained a majority of amorphous phase based on weight %. For the 101-kW processed coating, 26 wt.% of the coating was crystalline, of which~95 wt.% was the less desirable gamma form of alumina and~3 wt.% was the original alpha form. For the coating produced using 72-kW flame power, a higher level of crystallinity was measured, at 42 wt.%, of which~73 wt.% was alpha and~26 wt.% gamma alumina. Hence by selection of processing parameters, a useful amount of original alpha alumina can be retained in the coating. The trade-off is that the porosity level was also increased in the 72-kW coating, and the coating had a lower microhardness of H 10gf = 11.7 GPa and elastic modulus of E 72kW = 133 GPa. In ball-on-flat dry sliding wear against an alpha alumina counterbody, the 72-kW coating yielded a specific wear rate two orders of magnitude lower than the 101-kW coating, at 4 9 10 À7 compared to 2-4 9 10 À5 mm 3 /Nm, respectively. The amorphous/gamma dominated 101-kW coating engaged in an initially very high friction regime despite the polished initial surface, with a COF up to 0.7 and gradually reducing to 0.4, consistent with an initial adhesive wear mechanism followed by an abrasive brittle fracture/grain pullout regime. The 72-kW coating in contrast underwent a mild wear regime under the same conditions, with only a smooth wear track produced characteristic of plastic flow. Mean fracture toughness of the 72-kW coating, measured via cross-sectional Vickers indentation, was approximately three times higher than that of the 101-kW coating, and hence the brittle fracture mechanism by which the 101-kW coating was worn was avoided via improved fracture toughness associated with the prevalence and good distribution of alpha particles. Hardness of the more prevalent alpha alumina in the 72-kW coatings may also have contributed to greater wear resistance.
